We report single center experience on the outcome and toxicity of SBRT alone or in combination with surgery for inoperable primary and metastatic liver tumors between 2007 and 2014.
Introduction
Resection of early primary and isolated metastatic liver tumors in combination with systemic therapy in selected patients is associated with improved survival; however only 10-25% are resectable. [1] [2] [3] [4] [5] [6] Management of unresectable hepatic tumors with curative intent represents a major challenge in the absence of effective local treatment, including radiofrequency ablation (RFA), which matches surgery for local control and survival. [6] [7] [8] Over the recent decade SBRT has emerged as a non-invasive, safe and effective radiation therapy technique delivering ablative doses of radiation to liver tumors with 5 or fewer fractions. [9] [10] [11] [12] [13] [14] With modern 3D-computer tomography (3D-CT) treatment planning, recent advances in tumor localization, management of respiratory motion and application of multiple conformal radiation beams under high quality image-guidance, SBRT allows delivery of very high doses of radiation to the tumor with dramatic reduction of mean dose to the hepatic parenchyma thus overcoming low liver tolerance to irradiation. We previously reported on the technique of liver SBRT with functional treatment planning utilizing hepatic single-photon emission computed tomography (SPECT) co-registered with 3D-CT. 15 Application of 3D-CT/SPECT radiotherapy planning in cirrhotic patients allowed identification of functionally active This study was presented at the Annual Meeting of the Americas Hepato-hepatic parenchyma and its subsequent conformal avoidance during SBRT which resulted in low hepatic toxicity and absence of radiation-induced liver disease despite the inclusion of 40% patients with Child-Pugh B cirrhosis. 16 Herein, we report our experience on the efficacy and tolerability of state of the art SBRT alone or in combination with surgery in patients with inoperable primary and metastatic liver tumors.
Materials and methods

Patient eligibility
Patients enrolled in this study according to an Institutional Review Board-approved outcome protocol. Only those patients who received high-dose SBRT with BED !100 Gy 3 were included, where Gy 3 is the unit of biological equivalent dose assuming an a/b ratio of 3 Gy. Patients with up to four isolated hepatic metastases (sum of tumor diameters 8 cm) and individual tumor diameter 9 cm were eligible as long as at least 35% of uninvolved liver parenchyma defined on 3D-CT (noncirrhotic patients) or 3D-CT/SPECT (patients with cirrhosis) was spared from threshold irradiation (specified in "SBRT Planning and Delivery"). Patients with tumors <2 cm from the duodenum or stomach were excluded from SBRT. Instead, they received fractionated stereotactic radiotherapy in combination with capecitabine and/or trans-arterial chemoembolization (TACE) for radiosensitization, or hepatic resections if eligible. Patients who underwent hepatectomies in combination with planned SBRT to unresectable hepatic tumors were included. Hepatocellular carcinoma (HCC) patients with Child-Pugh class A, B & C (low score) hepatic cirrhosis were eligible. We included patients who received SBRT to HCC for downsizing or as a bridging therapy prior to orthotopic liver transplant (OLT). Patients were not allowed to have chemotherapy within one week prior to initiation of SBRT; however, chemotherapy was permitted without delay after completion of SBRT. Concurrent chemotherapy or sorafenib was not allowed. Patients with synchronous isolated extra-hepatic metastases or primary tumors were included as long as all sites were eligible for radical surgery or definitive radiation therapy.
SBRT planning and delivery
Patients were immobilized in a custom-molded VacLoc ® vacuum bag (Bionix, Toledo, OH). Treatment planning 3D-CT with intravenous contrast was acquired to delineate the gross tumor volume (GTV), immediately followed by a four-dimensional (4D) CT to quantify the internal tumor volume (ITV) from respiration-induced tumor motion. The planned target volume (PTV) included the ITV plus a 0.3-0.5 cm margin. SBRT dose was prescribed to the isodoseline encompassing the PTV (generally !90%) allowing up to 20% spot dose to the target volume (10% on average). The technique of functional treatment planning with 3D-CT/SPECT used in this study for all our patients with hepatic cirrhosis has been previously described. 14 Briefly, the tomographic SPECT liver images with 99m Tc sulfur colloid were acquired with a dual head gamma camera (GE Medical Systems, Milwaukee, WI) and rigidly fused to treatment planning 3D-CT utilizing a point-based registration algorithm. The residual functional hepatic parenchyma in cirrhotic patients was identified as the photogenic area on 3D-CT/SPECT, contoured as the functional liver volume and used for conformal avoidance during radiation beam placement process using the XiO ® treatment planning system (Computerized Medical Systems, St. Louis, MO). In patients with hepatic cirrhosis, liver dose constraints were imposed exclusively on residual functional liver volume defined on 3D-CT/SPECT. For this reason, we calculated predicted functional liver volume (pFLV) from an equation used in transplant surgery 17 and for 90 Y radioembolization dosimetry: 18
where BSA is the body surface area. Next, we specified that at least 35% of pFLV from treatment-planning 3D-CT/SPECT should receive no more than 16 Gy, 18 Gy or 19 Gy delivered in 4, 5 or 6 fractions, respectively. Similarly, hepatic dose-volume constraints for non-cirrhotic patients with unaffected liver function specified that a minimum of 35% of the normal liver volume defined on treatment-planning 3D-CT should receive no more than 16 Gy, 18 Gy or 19 Gy from SBRT delivered in 4, 5 or 6 fractions, respectively. These dose constrains are biologically equivalent to the dose limits (threshold dose) the entire liver can safely tolerate 19, 20 and which were also used in other liver SBRT trials. 11, 12 Thirty five percent of residual functional liver to be avoided from threshold irradiation corresponds to a conservative estimate of normal liver volume to be spared from hepatic resections. 21 Other constraints included stomach V25 <10 cc (max < 30 Gy); and small bowel V20 <20 cc (max < 30 Gy) where V20 and V25 are the corresponding organ volumes receiving at least 20 or 25 Gy, respectively.
Eight patients with mean HCC diameter 5.4 cm (range 3-7.5 cm) completed 1-3 cycles of TACE at various intervals prior to SBRT. Two patients with tumor diameters 6.2 cm and 7 cm were treated with one cycle of TACE in combination with planned SBRT at a 1 month interval. The remaining patients received SBRT as salvage treatment with evidence of residual disease or tumor progression after completion of 2-3 cycles of TACE. All patients were analyzed for toxicity monthly at first, then every 3 months for the first year and semiannually thereafter with clinical examinations and laboratory tests including tumor markers, complete metabolic panel, coagulation profile (HCC patients) and complete blood count. Hepatic function in cirrhotic patients was evaluated with Child-Pugh classification and MELD score. Local response with either contrast-enhanced multiphase CT or MRI was documented at a minimum 6 months from completion of SBRT and then every 4-6 months thereafter. However shorter follow up time was allowed for patients who completed orthotopic liver transplant (OLT) with tumor response assessed pathologically. Local control (LC) was defined as the absence of tumor radiographic progression within or at the PTV margin. New liver lesions arising outside the PTV were identified as intrahepatic progression.
Acute and long-term toxicities were graded according to the Common Terminology Criteria for Adverse Events (CTCAE) v4.0. Actuarial LC and overall survival (OS) curves were generated using the Kaplan-Meier method.
Results
Patients
Between November 2007 and December 2014, 120 lesions in 91 patients with either unresectable primary (n = 43) or metastatic liver cancer (n = 48) completed liver SBRT to 36-60 Gy delivered in 4-6 treatment fractions, with a mean BED of 197 Gy 3 (range 108-300 Gy 3 ). Eight patients with hepatic metastases completed hepatectomy for resectable lesions in combination with planned ablative SBRT for unresectable lesions from colorectal (4), neuroendocrine (1), carcinoid (1), sarcoma (1) primaries or intrahepatic cholangiocarcinoma (1) . Patients in this group completed 3D-CT/SPECT after hepatectomy in order to define hepatic functional reserve for SBRT planning. With this combination therapy seventeen operable metastases were resected and gold fiducials were placed into the unresectable lesions to facilitate precise targeting with ablative SBRT. The patient with solitary unresectable intrahepatic cholangiocarcinoma received preoperative SBRT followed by R0 resection. Twenty-nine out of 91 patients (32%) had a maximal tumor diameter larger than 4 cm; 24 patients (26%) had 2 or more tumors targeted with SBRT and 25 out of 43 patients (58%) in the HCC group had a MELD score greater than 10.
There was 43% reduction (p < 0.001) in the amount of FLV-SPECT as percentage of predicted liver volume in Child-Pugh B patients, but no such difference was observed for patients with Child-Pugh A cirrhosis or non-cirrhotic patients. Despite functional volume loss, optimal radiation beam placement with 3D-CT/SPECT planning permitted effective avoidance of functional hepatic parenchyma in patients with advanced cirrhosis. This resulted in lowering the mean dose to residual functional hepatic parenchyma to 11.7 ± 4.5 Gy and decreasing the percentage of predicted functional liver volume receiving threshold irradiation to 17.7 ± 10.8%. Functional treatment planning for patient with Child-Pugh B cirrhosis illustrated in Fig. 1 . Patient and tumor characteristics are presented in Tables 1 and  2 , respectively.
Local control
Of the 91 patients in this study, 4 patients were excluded from local control and survival analysis because they died within 6 months of completion of SBRT (no radiographic evidence of infield progression prior to death), and therefore did not meet the criterion of 6 months minimum follow-up. However, one patient who developed in-field local progression and deceased at 5.3 months after completion of SBRT remained in the analysis. Fourteen patients who received orthotopic liver transplant were excluded from radiographic analysis for local control. These patients were analyzed separately with explant pathology. For the remaining 73 patients evaluated radiographically, the median follow up was 20.3 months (range 6.5-64.1 months). Local control was 96% (1/25 failure) for HCC group and 93.8% (3/48 failures, 2 from colorectal and 1 from breast metastases) for the metastatic group of patients (p = 0.397). Actuarial local control curves for each group and according to the tumor size are shown in Fig. 2(a) , (b). The detailed characteristics of the lesions that progressed locally are presented in Table 3 . Local control was 100% for lesions with maximal tumor diameter of 4 cm or less, compared to 82.6% (4/23 failures) for lesions more than 4 cm (p = 0.008). There were no in-field failures in 8 patients who received a combination of surgery with planned SBRT to the unresectable lesions. Two patients failured else-where in the liver. Four patients died in this group, 2 of whom were from liver failure and 2 from progressive systemic disease. One patient with multiple hepatic metastases from adenocarcinoma of sigmoid colon completed induction chemotherapy followed by resection of seven persistent peripheral metastatic lesions (including 2 lesions adjacent to the gastric wall) with a gold fiducial marker placed into the unresectable tumor located within the confluence of middle hepatic vein under intraoperative ultrasound guidance. One month after recovery from uncomplicated surgery, the patient received a planned five-day SBRT course to 50 Gy to the remaining unresectable metastasis guided by the intratumor gold fiducial marker, as shown in Fig. 3 . This patient remains alive and The number at risk for each curve at 0, 20, 40 and 60 months followup are given in the table inside each plot. FU, followup; HCC, hepato-cellular carcinoma; OLT, orthotopic liver transplant; TS, tumor size free of disease more than 5 years after completion of combined hepatectomy, SBRT and adjuvant chemotherapy. Though local control rate for primary and metastatic liver tumors was similar, there was a significant difference in actual and biologically equivalent doses of radiation delivered to the groups ( Table 2) . Tumor response in patients with hepatomas, who completed OLT as a result of SBRT for tumor downsizing or as bridging therapy, was assessed by explant pathology. The details on the 14 HCC patients who received SBRT prior to OLT are present in Table 4 . Ten of 14 transplanted patients developed complete pathological response with median time to transplant of 5.7 months (range 1.7-23.3). Three patients had tumor downsizing with median time to transplant 3.6 months (2.3-6.8), and one patient had stable tumor within his explant liver at 1.5 months post SBRT.
Toxicity
No incidence of radiation-induced liver disease (RILD) 22 or Grade >1 gastrointestinal, skin or hematologic toxicity was observed among all patients, including the eight patients who received a combination of surgery and SBRT. Grade 2 fatigue (40% Grade-1, 15% Grade-2) was the most prevalent toxicity, with a significant difference in rate between cirrhotic HCC patients and non-cirrhotic non-HCC patients (53.5% vs 34.5%, p = 0.038). No other specific predictors of radiation-induced fatigue were found, including total radiation dose and dose per fraction, tumor volume or treatment with chemotherapy. The degree of fatigue did not correlate with the severity of hepatic cirrhosis.
There was no accelerated Child-Pugh class migration from A to B or from B to C based on our calculations and with independent assessment by hepatology and transplant surgery teams. At 4-6 months after completion of SBRT, 8 of 27 patients with Child-Pugh A cirrhosis and 13 of 15 patients with Child-Pugh B&C cirrhosis developed clinically insignificant elevation of MELD score (mean 1.9, range 1-3). Three patients with Child-Pugh class C (2) and B (1) cirrhosis developed interval increase in MELD score by 4, 5 and 6 prior to successful liver transplant with waiting time of 2 months, 6.7 months and 7 months, respectively.
There were no operative or perioperative complications in patients who received SBRT prior to OLT. Combination of hepatectomy with planned SBRT for unresectable lesions (8 patients) resulted in Grade 2 radiation toxicity with postoperative morbidity Grade 1.
Intrahepatic progression
Of the 73 patients who were radiographically evaluated (transplant patients excluded), 30 patients (41.1%) developed intrahepatic disease progression outside the PTV, including 22/48 patients (45.8%) in the non-HCC and 9/25 patients (36%) in the HCC groups. Salvage chemotherapy was considered for all patients who developed disease progression after completion of SBRT. Seven patients with intrahepatic recurrence outside the PTV from colorectal (4) or breast (1) metastases and HCC (2) received salvage stereotactic radiotherapy re-irradiation and remain alive at the time of last follow up. Two patients with Child-Pugh A cirrhosis completed liver SBRT re-treatment for HCC recurrence outside the PTV during the waiting period prior to successful OLT. Median time to salvage SBRT for patients with metastases was 17 months (range 2-63 months) and 12.6 months (range 2-60 months) for the HCC group. We applied the same dose constraints in the re-treatment setting as reported in the "Materials and methods" section utilizing 3D-CT/SPECT treatment planning for patients with cirrhosis. Full dose overlap liver volume of up to 5 cc (cumulative dose 90-100 Gy) was observed in two patients with hepatic metastases and one patient with HCC. There was no incidence of hepatic or GI toxicity in the entire re-treatment group.
Survival
Excluding the 4 patients who were not evaluated for control either radiographically or pathologically because of short follow up, the median survival was not reached for patients with HCC, including for both subgroups with and without liver transplant. The median survival was 26.9 months (range 5.3-64.1 months) for patients with isolated hepatic metastases. The actuarial OS for HCC (metastases) was 82.3% (71.2%) at the median followup of 20.3 months, and 82.3% (64.2%) at 2 years following SBRT ( Fig. 2(d) ). The actuarial OS at median follow up for HCC patients who did not receive liver transplant was 71.3%. All 14 patients who completed OLT were alive throughout the entire length of followup (Fig. 2(c) ). Two patients from each group died from non-liver-cancer related causes including peritoneal carcinomatosis from pancreatic cancer (five months from SBRT), diffuse bilateral pulmonary metastases from non-small cell lung cancer (six months), AIDS-related complications (8.5 months) and combination of septic condition with coagulopathy (3.8 months).
Discussion
In this single center retrospective study we report on the efficacy and toxicity of SBRT in 87 assessable patients with primary and metastatic liver tumors delivered as a single modality (65), in combination with hepatic resections (8) or as a bridge to transplant (14) . The SBRT technique included current advances in tumor localization, assessment and control of respiratory motion, multi-beam conformal targeting and daily image guidance. In addition, all patients with hepatic cirrhosis completed 99m Tc labeled sulfur colloid liver SPECT co-registered with treatment planning 3D-CT for delineation and subsequent selective avoidance of residual functionally active hepatic parenchyma during SBRT. Local control was as high as 96% (1/25 failure) for the HCC group not receiving OLT and 93.8% (3/48 failures) for the metastatic group of patients (p = 0.397), with tumor size as a strong predictor. Local control was 100% for lesions with maximal tumor diameter 4 cm or less, compared to 82.6% (4/23 failures) for lesions more than 4 cm (p = 0.008). Overall survival at 2 years was 70.2% (64.2% for patients with hepatic metastases and 82.3% for HCC patients), exceeding 2year survival rates in other published SBRT series. 10, 11, 23, 24 Toxicity profile for this non-invasive treatment was favorable, with Grade 2 fatigue as the most prevalent toxicity observed.
Local therapies directed to the primary or solitary metastases may be curative or result in long term tumor control with prolongation of hepatic failure-free survival. Surgery remains the gold standard curative option with 5-year survival rates around 70% for patients with small HCC and early stage cirrhosis, and with 1 and 5-year survival for selected isolated hepatic metastases (colorectal and non-colorectal primaries) of about 95% and 40%, respectively. 1, 2, 6 Unfortunately, greater than 80% of patients with hepatic metastases are not candidates for hepatectomy at the time of initial presentation. 1, 5 Likewise most hepatomas are not resectable due to size, location or liver function impairment. Radiofrequency ablation (RFA) can be an alternative to surgery however, analysis of a prospective database at a tertiary care center demonstrates that RFA for solitary colorectal cancer metastasis not amendable for safe resection is associated with a higher local recurrence rates and shorter recurrence-free and overall survival compared with hepatic resections even when small lesions ( 3 cm) are considered. 6 Less invasive transarterial chemoembolization (TACE) has only modest impact on survival compared with best symptomatic care alone in patients with hepatomas. 26, 27 Although the dose range in our study was moderate in terms of biological equivalent dose compared to 60 Gy in 3 fractions used in the prospective Phase I/II multi-institutional study, 11 local control as observed in our study was equivalent or superior to other SBRT trials regarding hepatic malignancies. 10, 23, 24 It should be noted that with excellent local control rates, SBRT in our study and other SBRT trials was used for tumors larger than 3 cm, in the proximity of major blood or biliary vessels, or next to the diaphragm or chest wallall representing challenging or prohibitive locations for RFA or surgery. It has to be admitted, that tumor size was a strong predictor of local control in our study. Four patients with tumor maximal diameter >4 cm developed in-field local recurrence which can be influenced by the growing proportion of radioresistant hypoxic cells in larger tumors. To address this issue, Jacob et al. 34 in a retrospective study of liver SBRT with TACE as a radiosensitizing modality, demonstrated better local control and survival for HCC of ! 3 cm over treatment with TACE only. Oral capecitabine is another promising radiosensitizing agent for concurrent combination with liver radiotherapy for larger unresectable HCC. 35 Median survival for patients with liver metastases in our study was 26.9 months compared to 20.5 months in the Intergroup trial. Better treatment outcome observed in our study can be explained in part by patient selection: only 12% of patients had metastases from unfavorable primary sites (lung, ovary, head & neck), 71% of patients were treated for metachronous metastases, and 62% patients did not have extrahepatic metastases at the time of SBRT. Most of our patients were treated for de novo oligometastatic disease (opposed to chemotherapy induced), described by Weichselbaum and Hellman 25 as favorable for local treatment. Other factors that may contribute to better outcome in our study compared to early SBRT trials are consistently high SBRT dose range, use of personalized 4D-CT treatment planning to account for tumor respiratory motion margin and daily SBRT image guidanceall contributing to a reduction of systematic errors in daily tumor targeting. It has to be acknowledged, that outcome of any radical local therapies directed to isolated metastases is strongly influenced by the presence of chemotherapy and/or targeted biologic agents in the background. It was not possible in our study to assess contribution of systemic therapy on SBRT outcome due to limited number of patients, heterogeneous primary sites, variety of chemotherapy regimens and timing of administration.
There was a significant difference in actual and biologically equivalent doses of radiation between groups of patients with hepatic metastases and liver HCC. Yet, local control rates were similar for the two groups. This can be explained by the intrinsic radiosensitivity of HCC compared to metastatic disease observed and discussed by others. 28 Patients who completed planned SBRT for HCC prior to liver transplantation had 100% survival over the entire length of followup compared to 71.3% survival at two years in patients who could not have liver transplant. All 14 transplanted patients benefited from SBRT given as a bridge to transplant or for tumor downsizing. Despite similar SBRT dose and fractionation schedule, 10 patients (70%) achieved complete pathological response with no viable tumor in a specimen at a median time to transplant 6.3 months (2.5-23.3). Partial response was observed in 3 patients (20%) with median time to transplant 3.6 months (2.3-6.8). It is possible that shorter time to transplant may result in incomplete realization of radiation treatment effect. Only one patient with the shortest time to transplant of 52 days had stable disease after receiving SBRT as a bridging therapy to a solitary 3.2-cm HCC. Our outcome for the HCC group of patients is similar to a few published studies. 23, 24, 29, 30, 34 Jacob et al. 34 reported marked improvement in survival of 37 cirrhotic patients who received TACE in combination with adjuvant SBRT for HCC of !3 cm with two-fold reduction of local recurrence rate. Andolino et al. 29 reported 2-year local control and overall survival of 90% and 67% respectively among 60 patients treated with SBRT for HCC. Subsequently, 23 patients received liver transplant at a median time of 7 months following radiation and remained alive at the entire length of followup. Of 12 HCC patients who completed hypofractionated stereotactic radiotherapy as bridge to transplant or prior to hepatectomy, Katz et al. 30 observed 100% pathological response to treatment in 2 patients, >50% response in 3 patients and <50% pathologic response in 7 patients. Complete pathologic response rate in our study is higher (81%) likely due to the more dose intense SBRT schedule used (BED = 175 Gy 3 vs 133 Gy 3 ).
No patient in either group developed classic RILD. The absence of accelerated MELD score progression in cirrhotic patients despite the inclusion of 25/43 patients with initial MELD score !10 and 15/41 (36.5%) patients with recurrent ascites and encephalopathy is encouraging. It is well recognized that HCC patients with advanced hepatic cirrhosis are at much higher risk of developing RILD for the same radiation dose than metastatic patients in the absence of cirrhosis, and the severity of hepatic cirrhosis correlates with the incidence of lethal RILD. [31] [32] [33] Increased sensitivity of cirrhotic liver to irradiation could be explained by proliferation of fibrotic tissue with loss of hepatic functional reserve representing combined function of hepatocytes and non-parenchymal cells residing within sinusoids (Kupffer cells, endothelial cells, stellate and pit cells). All of our patients with HCC completed functional treatment planning with 99m Tc sulfur colloid 3D-CT/SPECT for identification of residual, wellperfused functionally active hepatic parenchyma. Liver dose constraints were imposed exclusively on residual functional liver volume. Patients with hepatic cirrhosis in the HCC group developed retraction of functionally active hepatic parenchyma compared to the non-HCC, non-cirrhotic group, as we previously reported. 16 This resulted in statistically significant reduction of actual and biologically equivalent dose of radiation during SBRT planning by 17% for patients with Child-Pugh A cirrhosis and by 22% for the Child-Pugh B&C patients ( Table 2 ). We postulate that tailoring hepatic dose-volume constraints to residual functionally active liver parenchyma defined on 99m Tc sulfur colloid SPECT, with its subsequent conformal avoidance from high-dose irradiation during 3D-CT/SPECT treatment planning may contribute to reduction of hepatic toxicity in cirrhotic patients. However, a prospective randomized trial is required to estimate the true value of this method.
In conclusion, our retrospective study indicates that SBRT is a safe, non-invasive treatment for unresectable primary and metastatic liver tumors providing excellent local control. It is an effective and reliable bridging therapy for patients awaiting liver transplantation with excellent pathological response. It can be used to target unresectable metastases in combination with limited hepatectomies for resectable peripheral lesions thereby expanding indications for resection of multiple hepatic metastases. This particular combination exploits the strengths of liver SBRT and hepatic resection while compensating for each treatment's limitations.
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